Abstract-Bidirectional power flow, reactive power compensation capability and high efficiency are essential for vehicle to grid (V2G) systems. In this paper, a singlephase/single-stage bidirectional AC/DC converter for V2G application is presented, which consists of a line frequency commutated unfolding bridge and an interleaved buck-boost stage. In addition to sinusoidal input current, bidirectional power flow, high efficiency and reduced battery current ripple, the proposed topology uses the direct power control and PWM modulation to provide wide output voltage range and excellent reactive power compensation capability. The topology structure and operating principles of the proposed converter are analyzed in detail. The feasibility of the converter is validated and tested by MATLAB simulation.
INTRODUCTION
Currently, as the representative of the new energy vehicles, plug-in electrical vehicle (PEV) and electrical vehicle (EV) plays a major role in coping with energy shortage and environment pollution problems. Furthermore, PEVs and EVs are also regarded as energy storage units, which can feed back the stored energy to the grid. "V2G" is being used for concluding the two-way interaction between the electric vehicle and the grid [1] [2] . The EVs and PEVs have a lot of advantages, such as peak power regulating, peak load shifting, non-loaded standby and so on [3] [4] .
Bidirectional battery charger is an indispensable part in V2G system. It can achieve bidirectional power flow and sinusoidal input current. As for household charging, the customers and developers are pursuing high efficiency and low cost. For V2G applications, the feature of a battery charger, such as a high power density, reactive power compensation capability and low ripple of input current have become the focus of attention [5] [6] .
In the past, many AC/DC converters are employed as interface for EVs. The analysis of its configuration has never been terminated. A single-phase interleaved AC/DC boost converter for PHEV has been proposed in [7] , and other topologies which have the same function have been presented in [8] . The configuration of the converter in [7] [8] could reduce the ripple of the battery current, but all of them could only boost the input voltage, and the battery charger requirement of widely output voltage range cannot be satisfied. In [9] , [10] , unidirectional buck-boost converters are proposed, they have a wider range of output voltage and low input current total harmonic distortion (THD). However, all the converters presented above can only be used to charge the battery. They cannot feedback the energy stored in the batteries to the grid because of the unidirectional switches. In [11] , the AC/DC matrix converter is used in V2G systems. It can make bidirectional power flow. However, it needs a lot of semiconductor switches operating in high frequency, which means large conduction losses and switching losses. In [12] , the proposed converter consists of a single-phase currentsource rectifier and an auxiliary switching network. It is efficiency and offers bidirectional power flow, but the ripple of input current is still high which reduces the life of the battery. Furthermore, all the converters mentioned above have no focus on the reactive power compensation capability.
In order to simultaneously satisfy the function of bidirectional power flow, reactive power compensation capability and high efficiency, this paper proposes a bidirectional charger for V2G, which includes an AC/DC stage and a DC/DC conversion stage. The front-end stage commutates at the line frequency. Thus, it can reduce the power loss. The rear-end stage can charge or discharge for different EVs with either high voltage or low voltage. Because of using interleaving configuration, the ripple of the battery current can be reduced. It can extend battery life and improve the efficiency. The aim of this charger is to implement charging or discharging and reactive power compensation at the same time. The proposed bidirectional charger uses the direct power control and PWM modulation to expand the power control range. By means of V2G bidirectional charger, the grid can be supported by EV when the charger acts as a reactive power compensator. The validity of the proposed V2G charger is verified through simulation results. Fig. 1 shows the topology of the proposed charger. It consists of an LC input filter, a full-bridge converter and an interleaved parallel bidirectional buck-boost DC/DC converter. The LC input filter is used to prevent the high-frequency harmonic currents generated by the converter from flowing into grid. The full-bridge converter is used to rectify the AC input voltage to a DC voltage or invert the DC voltage to an AC voltage with switches commutate at the line frequency. The interleaved parallel bidirectional buck-boost DC/DC converter is employed to reduce the ripple of the battery current. Additionally, power factor correction (PFC) and high input current quality can be realized with the topology.
II. TOPOLOGY AND MODELING

A. Topology of the Proposed Charger
B. Operation Mode
Taking the charging state buck mode for example, the operation of the proposed charger topology is shown in Fig.2 : Assume the duty-cycle d 1 is less than 0.5 and the grid voltage u g is greater than zero, the operation mode is shown as followe:
State1 ( In addition, the converter is able to work in other modes, and the similar analysis method can be applied. Therefore, due to space limits, the details are neglected here.
C. Modeling of the Proposed Topology
According to Fig.1 , assume that the system works in continuous conduction mode, the state space average model for the proposed charger topology is formulated as follows: If the input filter is designed properly, the effect of the input filter can be neglected, then u g u c . Based on voltagesecond balance principle ( )
According to (2) , d 1 can be obtained as follows:
The sum of two inductor current i L can be given by:
In practical application, the current i L can be controlled to guarantee i g approach sine wave.
III. MODULATION AND CONTROL STRATEGY
As a connection circuit between grid and EV, the objective of the proposed converter is twofold: charging or discharging of the battery and alterable input power factor. The desired input power factor is obtained by designing the reference value of active power and reactive power: P ref and Q ref. . In this section, a direct power control strategy and modulation of two stages converter are adopted to make the actual value of active power and reactive power track P ref and
A. Direct Power Control Strategy
To realize the power tracking, a control block diagram of proposed bidirectional converter is shown in Fig.3 . To improve reactive power compensation capability, a doubleloop control of inverters is presented. The inner-loop is inductor current control and the outer-loop is designed by power control. As shown in Fig.3 , the feedback signals for P and Q are measured by the grid voltage u g and grid current i g . 
According to (5), (6), (7) and (8), i Lref is acquired as the innerloop input. To regulate the current through the inductor, a control scheme is presented including the feed-forward control and the PI feedback control. The feed-forward control directly compensates the effect of the grid power, which increases the dynamic response of the current control. The PI controller improves system stability and anti disturbance ability. 
B. Modulation of two stages converter
In the proposed converter, the front-end stage AC/DC converter operates at the line frequency and the PWM modulation is adopted in the rear-end converter.
The front-end stage AC/DC converter operates at the line frequency, as shown in Fig.4 . S g1 are the switch level signal of S 1 , S 4 ; S g2 are the switch level signal of S 2 , S 3 . When the grid voltage u g is greater than zero, the switches S 1 and S 4 are turned on; switches S 2 , S 3 are turned off. When u g is less than zero, S 1 and S 4 are turned off, while the S 2 , S 3 are turned on.. The rear-end interleaved DC/DC converter adopt PWM modulation. From Fig.1 , it has two same inductors: L 1 =L 2 =L. Because of its configuration and modulation, it has low input and output current ripple. As is shown in Fig.5 (a) and (b) , the shifted angle between the pulses of power switches S 3 and S 5 is ʌ. Similarly, the pulses of power switches S4, S6 mutually shifted are the same. This modulation can reduce the input and output current ripple to extend the battery life. To provide a bidirectional energy flow, the switches S 5 , S 6 are in complementary conduction state, so are the switches S 7 and S 8 .The pluses of switches S 5 ,S 6 ,S 7 ,S 8 and the two inductor currents i L1 , i L2 are shown in Fig.5(a) . The total inductor current i L (i L =i L1 + i L2 ) has quite little ripple.
IV. SIMULATION RESULTS
To validate the V2G bidirectional charger topology, simulations are implemented based on the Matlab/Simulink environment in this section. The models of the semiconductor device and battery are from the SimPowerSystem / Power Electronics library. The schematic diagram of single-phase current source bidirectional converter in the simulation is shown in Fig. 1 . The parameters used in the simulation are listed in Table 2 . The loads are 38Ah capacity lead-acid batteries with the nominal voltage 120V.
The simulation results in Fig. 6 show the performance of the proposed converter. From the top, the grid voltage u g , the grid current i g ; the inductor L 1 current i L1 ; the duty-cycle of switch S 5 ; the battery voltage u b and the battery current i b are sequentially displayed. The simulation results in four different modes are shown in Fig. 6 . The simulation starts with the charging operation and is changed to the discharging operation at 0.05s.
As shown in Fig. 6(a) , the proposed V2G bidirectional charger works at charging or discharging mode under unity power factor (cos 1 ϕ = ± ). The THD of the input grid current is less than 3%. In Fig. 6(b) , the power factor is 3 2 ± . No matter which mode (charging or discharging) is charger topology in, they could supply the reactive power to the grid.
If the grid demand for reactive power is large. For example, when the power factor is 1 2 ± , the more reactive power would be supplied by the bidirectional chargers. The simulation is shown in Fig. 6(c) , the THD in the input grid current is less than 4%. When the electrical vehicles are not in the charging or discharging mode, they are only used as reactive power compensator (power factor is 0) by the charges. The simulation is shown in Fig. 6(d) , The THD of the input grid current is less than 5%. Seen from the simulation result in Fig. 6 the ripple of the battery current is quite small. V. CONCLUSION In this paper, a single-phase/single-stage bidirectional AC/DC converter for V2G application is presented, which consists of a line frequency commutated unfolding bridge and an interleaved buck-boost stage. It operates in buck-boost charging/discharging condition, and offers different voltage levels for all kinds of the batteries. The operation principle of the proposed charger topology is analyzed. Additionally, the reactive power can be supported and exchanged with grid by the proposed bidirectional charger. Moreover, the proposed charger has a number of attractive features, such as bidirectional power flow, low current ripple and wide output voltage range. Thus it is a good candidate for V2G applications. The simulation results have been carried out to verify the effectiveness of V2G bidirectional charger.
